Background: It has been theorized that neural recovery is related to temporal coding of speech sounds. The recovery function of cortically generated auditory evoked potentials has not been investigated in cochlear implant (CI) users.
C ochlear implants (CIs) are surgically implanted electronic devices that aid sound perception in individuals with severe to profound hearing loss. The CI transforms the acoustic stimuli into electric pulses and directly stimulates the auditory nerve that carries sound information to the central auditory nervous system. Although most CI users demonstrate improved performance when compared with their pre-implantation performance, there is large variability in CI outcome (Gantz et al, 1988; Blamey et al, 1996; Green et al, 2007) . Moreover, CI performance is greatly reduced in noisy environments (Fetterman and Domico, 2002) . One major cause for such perception difficulties may be that some features of neural coding in normal-hearing (NH) listeners are not reproduced in CI users.
The neural response decreases when the neurons are stimulated with repeated stimuli. This might result from the adaptation and refractory features of neurons. Adaptation is the loss of novelty in the neural responses during stimulus repetition. The refractory feature leads to the lack of response or an elevated threshold of neural responses during the refractory time after they respond to the preceding stimulus. It has been shown that, in animal studies, adaptation and refractoriness features can be changed in deafened ears due to demyelination and neural degeneration, which are commonly seen in CI users (Zhou et al, 1995; Nadol, 1997; Hardie and Shepherd, 1999; Shepherd and Hardie, 2001; Shepherd et al, 2004; Sly et al, 2007) . It is possible that the varying degrees of neural conditions of CI users lead to the variation of neural recovery from adaptation and refractoriness and consequently the variation of speech-perception abilities.
A forward-masking paradigm has been typically used to investigate the recovery function of physiological responses from adaptation and/or refractoriness after the preceding stimulus (Miller et al, 2001; Shpak et al, 2004; Morsnowski et al, 2006) . In this paradigm, a pair of stimuli is presented, with the first as the masker and the second as the probe. The response to the probe is plotted as a function of the masker-probe interval (MPI) to form a recovery function. The recovery function of the electrically evoked compound action potential (ECAP) from the auditory nerve appears to be related to speech-perception performance in CI users, with a faster recovery for poor performers (Brown et al, 1990; Brown et al, 1996) . However, the recovery function of the ECAP does not reflect the adaptation and refractory information at the levels beyond the auditory nerve. Moreover, psychoacoustic forward masking indicated that central mechanisms of neural recovery may also play a critical role in perceptual recovery function and speech perception (Shannon and Otto, 1990; Chatterjee, 1999) . Investigating the recovery of cortical auditory evoked potentials in CI users can help us understand the adaptation and refractory feature of multiple synapses from the auditory nerve to the auditory cortex in CI users.
The late auditory evoked potential (LAEP) is the obligatory auditory response representing the detection of sound by the auditory cortex (Näätänen and Picton, 1987; Martin et al, 2008) . It consists of a series of negative and positive peaks with latencies of 50-250 msec. The generators of N1 and P2 components of the LAEP are located in the primary and secondary auditory cortex, although contributions from multiple temporally overlapping generators are possible (Hari et al, 1982; Näätänen and Picton, 1987) . Previous studies on the LAEP in CI users were elicited by either electrical stimuli through the implant electrode or acoustic stimuli through a loudspeaker in the sound field. These studies have investigated the averaged response to a series of stimuli presented at a certain rate. These studies have found waveform morphologies and peak latencies in the LAEP of CI users with good speech-perception performance similar to the values found in normal listeners, possibly with smaller amplitude (Micco et al, 1995; Groenen et al, 1996; Ponton el al, 1996; Kileny et al, 1997; Hoppe et al, 2001; Firszt et al, 2002a; Firszt et al, 2002b; Kelly et al, 2005; Guiraud et al, 2007) . Some measures of the LAEP such as the N1-P2 amplitude, P2 latency, and LAEP morphology in CI users are related to speech-perception performance (Makhdoum et al, 1998; Purdy et al, 2001; Tremblay et al, 2001; Maurer et al, 2002; McNeill et al, 2007) .The recovery function of the LAEP has not been investigated in CI users. In NH listeners, the LAEP evoked by 80 dB SPL tones increased as the interstimulus interval increased until the interstimulus interval reaches approximately 10 sec (Davis and Zerlin, 1966; Hari et al, 1982) .
The goals of this study were to characterize the recovery function of the LAEP using a masker-probe paradigm in CI users and young normal-hearing listeners. Acoustic instead of electrical stimuli were used because (1) the LAEP would be evoked by stimuli after the CI device processes acoustic stimuli, which is similar to the real-life listening situation, and (2) the LAEP in CI users and that in NH listeners using the same stimulus paradigm can be directly compared.
METHOD Participants
Nine right-handed postlingually deafened adult CI users (31-70 years) were recruited from the Department of Otolaryngology-Head and Neck Surgery at the University of Cincinnati. Participants' information is summarized in Table 1 . All CI users had the Nucleus Freedom device with monopolar stimulation. None of the participants had any previous cognitive, psychiatric, or neurologic impairment history. Nine young, righthanded normal-hearing listeners (20-30 years) were recruited as a control. These participants had normal hearing (pure-tone air-conduction thresholds ,20 dB HL at octave frequencies from 0.5 to 4 kHz), normal type A tympanometry, and normal acoustic reflex thresholds at 0.5, 1, and 2 kHz. After giving written consent, each participant was fitted with a 40-channel Neuroscan quick-cap and was comfortably seated in a sound-treated booth. Participants were instructed to avoid excessive eye and body movements. During the experiment, participants read self-chosen magazines to keep alert and were asked to ignore the acoustic stimuli. Participants were given short periodic breaks in order to shift body position and to maximize alertness during the experiment. Participants were financially compensated for their time. The research protocol was approved by the Institutional Review Board of the University of Cincinnati.
Stimuli
The stimuli were 1 kHz tone bursts (60 msec, 10 msec rise/fall time) that were digitally generated and presented using STIM 2 software through the Neuroscan workstation (Compumedics Neuroscan, Inc., Charlotte, N.C.). The tone bursts were presented in pairs, with the first tone busts in the pairs as maskers and the second tone bursts as probes. Five masker-probe pairs with the intervals varied at 0.7, 1, 2, 4, and 8 sec were presented. The presented stimuli included 30 trials of each tone burst pair, with the order of pairs randomized. The interpair interval was fixed at 12 sec, because previous studies showed the lack of significant change in LAEP amplitude when the interval between stimuli was longer than 10 sec. The intensity of stimuli was set at 80 dB SPL, which was estimated by the NH listeners to be approximately at 6-7 on a 0-to 10-point numerical scale. The CI users were allowed to change the implant settings to ensure that stimuli were presented at their most comfortable listening levels. Stimuli were presented to CI users through a loudspeaker placed at ear level, 50 cm from the implanted ear at 45 degrees azimuth. For NH listeners, stimuli were presented monaurally at 80 dB SPL via insert earphones to the left and right ears separately.
Electroencephalographic Recording
The electroencephalograph (EEG) recordings were performed using a 40-channel system (NuAmps, Compumedics Neuroscan, Inc., El Paso). Electrode placement was based on the International 10-20 system, using an Electro-Cap placed on the head of the participant, with the contralateral earlobe as the reference. This procedure has been proposed for reducing the stimulus artifact in CI users (McNeill et al, 2007) . Electro-ocular activity was monitored so that eye movement artifacts could be identified and rejected during the off-line analysis. Approximately one-three electrodes located directly over or closely surrounding the implant transmission coil were not used. Electrode impedances in the remaining electrodes were kept at or below 5 kV. EEG recordings were collected from participants using the SCAN software (version 4.3, Compumedics Neuroscan, Inc., El Paso) with a bandpass filter setting from 0.1 to 100 Hz and an analog-todigital converter sampling rate of 1000 Hz. At least two recordings were obtained from each participant.
Data Analysis
General Analysis EEG data were processed using SCAN software (Compumedics Neuroscan, Inc., El Paso). Data were visually checked. Responses from muscle artifacts and Late Auditory Evoked Potential in CI Users/Zhang et al other excessive noise sources were removed. Then the data were epoched with a 100 msec prestimulus time and a 500 msec poststimulus time, after which baseline correction was performed based on data in the prestimulus time. Epochs were rejected from the analysis if the electro-ocular activity exceeded 6100 mV. The EEG data were filtered with a bandpass filter (0.1-30 Hz, 12 dB/octave). If there were multiple repeated recordings, these recordings were combined. Then averaged responses were derived independently for each tone burst within the stimulus pairs across the total number of pair presentations. For example, for one participant, a total of 10 LAEP waveforms (five for the maskers and five for probes) was obtained.
For each averaged response, the N1 was identified as the maximum negative peak in the latency range of 70-150 msec, and P2 was identified as the maximum positive peak in 150-250 msec after stimulus onset (Nä ätä nen and Picton, 1987; Budd et al, 1998) . For some CI users, the P2 wave was identified in a wider latency range. Although the N1 and P2 responses have multiple components that may display different features in the recovery function, we treated them as unitary peaks, the same approached used in most previous studies (Firszt et al, 2002a; Firszt et al, 2002b; Maurer et al, 2002; Tremblay et al, 2004) . Because one practical outcome of this study might be an appropriate objective measure that will be used to examine the cortical recovery process, the N1-P2 peakto-peak amplitude (the voltage difference between the N1 and P2) was mainly examined. This measure has been found to be more stable than the amplitude of individual peak components, due to the covarying relationship between the N1 and P2 responses (Davis and Zerlin, 1966) . Because the LAEP is usually reported from the midline in the literature, this study analyzed data from electrode Cz. Data from other channels were used to construct scalp topographic maps that were used in the procedures of stimulus artifact removal for CI users.
In order to compare results across participants and stimulus pairs, the N1-P2 amplitudes for the probe stimuli were normalized to the amplitudes for the masker stimuli within stimulus pairs. The latency shift was calculated by subtracting the latency of the masker response from the latency of the response evoked by the corresponding probe.
Stimulus Artifact Removal
For CI users, if the data contained obvious stimulus artifacts, the epoched data were imported to the Matlab program using the EEGLAB Toolbox (EE-GLAB, San Diego), an on-line open-source toolbox (freely available from http://sccn.ucsd.edu/eeglab), to remove the stimulus artifact using independent component analysis (Gilley et al, 2006) . The independent component analysis (ICA) model decomposes the EEG data set into mutually independent components, including those from artifactual and neutral EEG sources. Then an iterative process changes the weights and directions of the vectors in a mixing matrix until maximum independence is identified from the higherorder statistics. The stimulus artifact components were identified using topographic 2-D maps with the criteria of CI artifacts described in a previous study (Gilley et al, 2006) . Simply, the main feature of the artifact components is that the artifact starts slightly after the stimulus onset and ends slightly after the stimulus offset, with a square-like shape during the stimulus presentation. Another feature of artifact components is that scalp projections of the activity displayed a centroid near the implanted device. Components meeting the above feature criteria were accepted as artifact components and linearly subtracted from the EEG data. The remaining components were then constructed to form the final EEG data, which were later filtered and averaged (see ''General Analysis'').
RESULTS

T
he main purpose of this study was to compare the recovery function of the LAEP in NH listeners and CI users. A large intersubject variability was observed in the recovery function from CI users. This might be related to different neural conditions caused by the plastic changes associated with deafness and CI stimulation. The large variability is a common feature of data from CI subjects reported in the literature (Maurer et al, 2002; Martin et al, 2008) . Despite the large variability of the recovery function across subjects, the finding of a faster recovery function in CI users than in normal-hearing listeners was convincing, as suggested by the mean recovery function plot and the mean LAEP waveform plot that will be displayed later.
Waveforms of the LAEP
Data from eight out of nine CI users were contaminated by stimulus artifacts to different degrees. There was a considerable variability across participants for the scalp distribution, magnitude, and morphology of the artifact components. Artifact removal using ICA was satisfactory in all cases, although waveforms from a few cases (i.e., the data of SciCz) appeared to have residual artifacts. We were able to identify an N1 and P2 even with the residual artifact. Figure 1 .A illustrates examples of waveforms of the averaged LAEP in one NH listener and three CI users with different types of responses (uncontaminated, partially contaminated, and completely contaminated by stimulus artifact). These particular sets of responses were chosen because they were representative of the above three types of responses according to the degree of artifact contamination. The NH listener (SnhAG) showed N1 occurring at approximately 100 msec and P2 at 180 msec. The waveform of the CI user (SciMK) without stimulus artifacts displays a morphology similar to that in the NH listener. In the case of SciTJ, the stimulus artifact presents a square-like shape during the stimulus presentation (60 msec), but the artifact does not obscure the N1 or P2 peaks. For SciCH, the LAEP is completely masked by extremely large stimulus artifacts. After stimulus artifact removal, the LAEP waveforms of SciTJ and SciCH were revealed, with waveform morphologies similar to those of the NH listener and the CI user without artifacts. The N1 and P2 peaks are clearly identified. The peak latencies appear to be longer in these CI users than those in the NH listener. Figure 1 .B demonstrates the topographic 2-D map and activity image of one stimulus artifact component in one CI user (SciCH). Note that there are strong activities in a centroid area on the left hemisphere, which is the implantation side. The voltage vs. time function shows a square-like shape during stimulus presentation. Multiple artifact components like this have been removed from the EEG data before the LAEP was revealed.
Because there is a lack of statistical significance in the N1-P2 amplitude of the LAEP between the left-ear (16.05 mV, SD 5 7.01) and right-ear stimulation (17.10 mV, SD 5 6.16) in NH listeners (t 5 20.32, df 5 15, p . .5), the two waveforms were averaged together to derive one LAEP for one NH listener, and results were compared with those in CI users. Figure 2 shows the grand mean waveforms to maskers and probes in pairs with different MPIs in nine NH listeners (the left two columns) and nine CI users (the right two columns). The responses to masker and probe stimuli in CI users were smaller than those in normal listeners. For NH listeners, the response amplitude evoked by the probe was the smallest for the MPI of 0.7 sec and then progressively increases as the MPI increases to 4 sec. Similarly, the amplitude of the probe response was the smallest for the MPI of 0.7 sec in CI users. However, their probe responses recovered fully at the MPI of 2 sec.
A three-way mixed repeated analysis of variance (ANOVA) was conducted to determine the effect of stimulus type (masker vs. probe), the MPI, and subject group on the N1-P2 amplitude. Data from three out of nine CI users were not included because the response morphologies to individual tone bursts were poor, which prevented a confident identification of the N1 and P2. These data were also excluded in the recovery functions demonstrated later. Significant effects were found for the stimulus type (F[1, 13 (left, SnhAG) and that from one cochlear implant (CI) user whose response was uncontaminated by the stimulus artifact (right, SciMK). The middle row and the bottom row show the LAEP waveforms partially contaminated (SciTJ) and completely contaminated (SciCH) by stimulus artifacts as well as the respective waveforms after stimulus artifact removal. Note that the y-axis of the plot for SciCH before ICA has a different scale compared to other plots due to the extremely large stimulus artifact. The stimuli were presented at 80 dB SPL to the NH listener monaurally via insert earphones and presented at the most comfortable level on the implant side to the CI user via loudspeaker. B. The topographical 2-D map (left) as well as the single-trial electroencephalograph amplitude codes (right) of one example artifact component in one CI user (SciCH) are displayed. See text for explanations about the identification of stimulus artifacts.
Late Auditory Evoked Potential in CI Users/Zhang et al conducted for the probe response because the probe response change with the MPI was our primary interest. For probe responses, significant effects were found for the MPI (F[4, 52] 5 13.95, p , .01), the subject group (F[1, 13] 5 4.72, p , .05), and the interaction of these two factors (F[4, 52] 5 3.03, p , .05). A one-way repeated ANOVA was conduced to determine the effect of MPI on the probe response for NH listeners and CI users separately. For NH listeners, the main effect of MPI was significant (F[4, 32] 5 13.18, p , .01). Post hoc comparison showed that the probe response was different in the following pairs: 0.7 sec vs. 4 sec, 1 sec vs. 4 sec, and 1 sec vs. 8 sec (p , .05). For CI users, the main effect of the MPI was significant (F[4, 20] 5 5.23, p , .01). Post hoc tests showed that the probe response was different in the following pairs: 0.7 sec vs. 2 sec, 0.7 sec vs. 4 sec, 0.7 sec vs. 8 sec, 1 sec vs. 2 sec, 1 sec vs. 4 sec, and 1 sec vs. 8 sec (p , .05). To sum up, the probe response progressively increased as the MPI increased from 0.7 sec to 4 sec in NH listeners. In contrast, the probe response only increased as the MPI increased from 0.7 sec to 2 sec in CI users. Figure 3 displays the recovery functions for individual NH listeners and cochlear implant users. Each curve represents the recovery function for one participant. The normalized N1-P2 amplitude from the probe response was calculated using the amplitude (in mV) from the probe response divided by the amplitude from the corresponding masker response. The MPI was plotted on a logarithmic MPI scale. The speech performance score is labeled for each CI user.
Recovery Function of the LAEP
In the plot for NH listeners, most participants showed a linear shape in the recovery function. The probe response at an MPI of 0.7 sec ranges from 45 to 80 percent and increases systematically as the MPI increases. The probe response nearly reaches a complete recovery in some of the participants at the MPI of 4 sec and in most participants at the MPI of 8 sec. Similar to that in NH listeners, the probe response of CI users at the MPI of 0.7 sec ranged from 45 to 80 percent. However, the probe response of CI users increases more rapidly with the MPI. Four out of six CI users displayed fully recovered responses at the MPI of 2 sec. There is a considerable variability across subjects. This variability appears to be greater for longer MPIs than the MPI of 0.7 sec. A two-way mixed repeated ANOVA was performed to determine the effect of the MPI and subject group on the normalized amplitude from the probe response. Results showed that the main effect of the MPI was significant (F[4, 52] 5 12.06, p , .01) and that interaction of the MPI and subject group was not significant (F[4, 52] 5 0.04, p 5 .35). Then a one-way repeated ANOVA and post hoc tests were conducted for the CI group and NH group, respectively. For the CI group, a significant difference was found between MPIs of 0.7 (0.63, SD 5 0.11) and 4 sec (0.99, SD 5 0.17). For NH listeners, significant differences were found between 0.7 sec (0.64, SD 5 0.13) and 4 sec (1.01, SD 5 0.23) and between 1 sec (0.72, SD 5 0.14) and 8 sec (1.03, SD 5 0.16), as well as 0.7 sec (0.64, SD 5 0.13) and 8 sec (1.03, SD 5 0.16). A t-test was performed to compare the normalized probe responses for MPIs of 1 and 2 sec, where the two groups showed an obvious difference, between the two groups. The mean normalized probe response in CI users (0.95, SD 5 0.27) is significantly greater than that in NH listeners (0.77, SD 5 0.18; t 5 2.29, df 5 28, p , .05). Figure 5 demonstrates latency shifts across MPIs for nine NH listeners (top panels) and six CI users (bottom panels). The latency shift was calculated by subtracting masker response latencies from probe response latencies within pairs. Because the latency shift was not normally distributed, median latency shifts were plotted (dashed lines) for each plot. For comparison, a solid line was plotted to represent zero latency shifts. There is a trend that latency shifts negative in NH listeners, indicating that probe response latencies are shorter than masker response latencies in NH users. This trend does not hold in CI users. There is a greater variability of latency shifts in CI users than in NH listeners. Paired t-tests showed that the N1 latency (109.20 msec) and the P2 latency (204.11 msec) from the probe response were significantly shorter than those from the masker response (N1, 115.06 msec; P2, 214.43 msec) in NH listeners (p , .01). But the latencies from the probe response (N1, 126.35 msec; P2, 227.40 msec) and the maskers (N1, 120.54 msec; P2, 223.47 msec) did not differ significantly for CI users. his study recorded the LAEP in CI users and NH listeners. Tone burst pairs were presented at the most comfortable listening level for each CI user and at 80 dB SPL to NH listeners. The tone burst intensity of 80 dB SPL was considered to be close to the most comfortable level for NH listeners of this study because the participants indicated that the loudness of the stimuli was about 6-7 on a 0-10 scaling (Hoppe et al, 2001 ). There is no report regarding the sound pressure level of the most comfortable level for tone bursts, but information for other stimuli can be a reference. Cox (1989) investigated the highest comfortable levels in NH subjects for several stimuli (1200 msec) at different frequencies. The stimuli at each frequency were (a) 1/3-octave noise band, (b) 1/3-octave band of six-talker babble; (c) 1/3-octave sinusoidally modulated warble tone, (d) 1/3-octave rectangularly modulated warble tone, (e) 65 percent sinusoidally modulated warble tone, and (f) 65 percent rectangularly modulated warble tone. The highest comfortable loudness level for 1 kHz and 4 kHz stimuli via insert earphone monaurally for NH listeners was about 90 and 87 dB SPL, respectively. Dirks and Kamm (1976) tested the most comfortable level of stimuli consisting of pure tones of 500 and 2000 Hz (300 msec duration) and spondaic words presented with an interstimulus interval of 4 sec. Results found that, for NH listeners, the most comfortable level was at approximately 83-93 dB SPL and 75-89 dB SPL for pure-tone and speech stimuli, respectively. Although our approach of choosing stimulus intensity might not be the optimal one, the comparison between the two groups was reasonable, as the stimuli presented were near the most comfortable level for participants.
Recording the LAEP in CI users involves an issue of stimulus artifact. The implant device produces electrical artifacts on the scalp, which can obscure the biological response of interest. Previous studies reported that the stimulus artifact was found in 12 percent of cases and that the magnitude of artifact was 5-10 times larger than the LAEP (Sharma et al, 2002; Gilley et al, 2006) . The current study has shown a much greater incidence of stimulus artifact (8/9 of participants) and that the magnitude of artifact can be much larger than that reported by previous studies (Gilley et al, 2006) . This might be because all CI users in our group were using the devices with monopolar stimulation instead of bipolar stimulation, which was used by the CI users in previous studies. Distribution and the size of the artifact on the scalp can be influenced by other factors such as the surgical placement of the remote return electrode, the number of active electrodes in the array, the orientation of the active electrodes in the cochlea, and the location and orientation of the return electrode on the array (Gilley et al, 2006) . The variation of stimulus artifact across CI users observed in this study might reflect the varying interactions between different factors. Consistent with previous studies, our study showed that ICA is an effective technique for stimulus artifact removal in the LAEP data from CI users.
The LAEP to Repeated Stimuli
This study has found that the LAEP amplitude reduces for the second tone burst in the stimulus pairs in both NH listeners and CI users. The LAEP in response to repeated stimuli has been reported in NH listeners but not CI users in previous studies (Butler, 1968; Fruhstorfer et al, 1970; Fruhstorfer, 1971; Megela and Teyler, 1979; Prosser et al, 1981; Bourbon et al, 1987; Barry et al, 1992; Budd et al, 1998; Rosburg et al, 2004) . Neural adaptation and refractoriness of neurons have been suggested as the main mechanisms underlying this phenomenon (Ritter et al, 1968; Barry et al, 1992; Budd et al, 1998) . Neural adaptation reflects the loss of novelty associated with an updating of a neuronal template during stimulus repetition (Ritter et al, 1968) . In normal auditory systems, the adaptation from the inner hair cell-auditory nerve synapse as well as the adaptation from the auditory nerve fibers constitute the peripheral source of neural adaptation in the auditory system (Smith and Brachman, 1982; Westerman and Smith, 1984; Boettcher et al, 1990; Chimento and Schreiner, 1991; Javel, 1996; Litvak et al, 2003; Loquet et al, 2004; Zhang et al, 2007) . Neurons in the central auditory system also display adapted responsiveness to repeated stimuli, with more reduction in the firing probability than at the peripheral level (Shore, 1995; Babalian et al, 2003; Nakamoto et al, 2006; Shechter and Depireux, 2006) . Adaptation of the neural response in groups of individual neurons can be reflected in the smaller amplitude of auditory evoked potentials to later stimuli compared to the response to the initial stimulus in a series of repeated stimuli.
Refractoriness primarily refers to the phenomenon wherein a neuron can only normally respond to a stimulus after a certain period of refractory time following a response to the preceding stimulus. The recovery time from the refractory time for neural responses ranges from hundreds of microseconds to hundreds of milliseconds depending on which level the neurons are located on in the auditory system (Parham et al, 1996; Fitzpatrick et al, 1999; Miller et al, 2001; Wehr and Zador, 2005) . The LAEP reflects the output of multiple steps of neural synapses from the peripheral stage to the cortex; it is not surprising that its recovery time can be as long as several seconds in NH listeners (Davis and Zerlin, 1966; Alcaini et al, 1994; Fitzpatrick et al, 1999) .
Our study cannot determine whether both adaptation and refractoriness have contributed to the LAEP recovery function of the present study; nor can we quantify these contributions. The most important finding of this study was that the LAEP recovery function showed differences between CI users and NH listeners, that is, the LAEP in CI users displayed a faster recovery function.
The Recovery Function of the LAEP in CI Users and NH Listeners
To our knowledge this is the first report comparing the recovery function of the LAEP in CI users and NH listeners. Data of six out of nine CI users reported were included for statistical analysis. The other three CI users (SciCz, SciJM, and SciEL) displayed poor waveform morphologies in the LAEP to individual maskers or probes, which did not allow a satisfactory identification of the N1 and P2 peaks. This might be due to the insufficient number of responses included when deriving the LAEP for individual stimuli. It is also possible that poor performers have severe neural degeneration and thus poor waveform morphologies in the LAEP. For instance, two (SciCz and SciJM) out of these three CI users had the lowest speech-perception scores (,60%) and the longest duration of profound/ severe deafness ($45 years) in the CI group.
The recovery function displayed a linear shape in a logarithmic scale of the MPI for NH listeners. The amplitude reduction of the LAEP in NH listeners of the current study appeared to be less than that reported in previous studies. For instance, Davis and Zerlin (1966) reported that the response to the probe at an MPI of 0.5 sec was approximately one-third to one half the response to the masker and that the amplitude reduction was not obvious for an interstimulus interval greater than 10 sec. The recovery function with a linear scale of the MPI can be fitted with an exponential curve, with a time constant (an index of the MPI for the probe response to reach 63% of the masker response) of 4.3 sec (Milner, 1969) . The current study has found that, in NH listeners, the LAEP for the probe was approximately 60 percent of the response for the masker at an MPI of 0.7 sec. The probe response progressively increases as the MPI increases, displaying a linear shape with a logarithmic scale of the MPI. At an MPI of 4 sec, the probe response recovered fully. Our results showed a faster recovery of the LAEP in NH listeners than reported in previous studies. Several differences in methodology may account for this discrepancy. For instance, we used monaural stimulation, while others used binaural stimulation. Moreover, the randomization of stimulus pairs in our study led to a reduced expectation level of the participants during interpair intervals, which in turn resulted in smaller masker response amplitudes (Bourbon et al, 1987) .
The LAEP amplitude of CI users also undergoes changes as the MPI changes. The normalized N1-P2 amplitude from the probe response was approximately 60 percent of the masker response at the MPI of 0.7 sec, similar to that observed in NH users. However, the probe response recovered faster in the CI group, with an approximately 80 percent recovery at the MPI of 1 sec and a nearly full recovery at the MPI of 2 sec.
Another striking difference between NH listeners and CI users is that the N1 and P2 latencies were reduced for probe responses in NH listeners while no such difference was found in CI users. The shortened peak latencies for later stimuli in a series of identical stimuli have been reported in previous studies of normal-hearing listeners (Hari et al, 1982; Bourbon et al, 1987; Alcaini et al, 1994) .
Possible Mechanisms for the Faster Recovery of the LAEP in CI Users
One explanation for the faster recovery of the LAEP in CI users is related to neural adaptation. There are two sources of adaptation that contribute to forward masking of the LAEP: cochlear and retrocochlear. The cochlear mechanism is not included in adaptation processes in CI users because the CI bypasses the damaged cochlea. Thus the lack of cochlear adaptation in CI users might result in less adaptation in the LAEP of CI users, and accordingly a shorter time is needed for the response to recover. Previous psychoacoustic studies have suggested that central mechanisms also played an important role in psychophysical recovery functions (Shannon, 1990; Shannon and Otto, 1990; Chatterjee, 1999; Hay-McCutcheon et al, 2005) . Thus, it is possible that the lack of peripheral adaptation mechanism in CI users contributes to the faster recovery of the LAEP.
The faster recovery of LAEP in CI users is seemingly contradictory to the previous results showing that the refractory time constants of responses in single units in chronically deafened animals were prolonged (Shepherd et al, 2004) . The possible mechanisms might include deafness-related neural degeneration, which causes the decrease and leakage of membrane ion currents, shrinkage of axonal tissues, and reduction in the membrane resistance (Sly et al, 2007) . However, using results in single units to predict the effect of deafness on the refractory feature of the LAEP may be inappropriate, because the LAEP reflects the summated electrical activity of groups of neurons from different generators in the auditory cortex that display different refractory features (Näätänen and Picton, 1987) .
Therefore, another interpretation for the faster recovery of the LAEP in CI users lies in the differential Late Auditory Evoked Potential in CI Users/Zhang et al effects of neural refractoriness on the different component generators. Previous studies reported that the N1 and P2 of the normal auditory system are generated from at least two cortical generators for each that are spatially and temporally distinct (Fruhstorfer et al, 1969; Fruhstorfer et al, 1970; Fruhstorfer, 1971; Alcaini et al, 1994) . The posterior component has a shorter latency and a shorter refractory period of 1 to 3 sec, whereas the anterior component shows a longer latency and a much longer recovery period. We speculate that, in NH listeners, neurons for the posterior component of the LAEP recover first while neurons for the anterior component are still in the refractory state for short MPIs. As the MPI increases, more neurons for the anterior component respond, and thus a progressive recovery process is formed. In contrast, CI users may have a reduced contribution of the anterior components to the LAEP, and thus only the fast recovery of the posterior components of the LAEP is shown. This speculation is consistent with the results from the latency measures. Specifically, the probe responses in NH listeners displayed shorter latencies than the masker responses, which might be because neurons with shorter response latencies have recovered already when neurons with longer latencies are still influenced by refractoriness. However, there is a lack of difference in the response latencies between the probe stimuli and masker stimuli in CI users that might indicate that the component with shorter latencies and faster recovery features dominates in the LAEP of CI users. Our speculation of different generator components in the LAEP between CI users and NH listeners can be tested by performing source modeling of the LAEP recovery function with sufficient spatial resolution, which will be our future study.
Other possible mechanisms might also partially account for the faster recovery of the LAEP in CI users. For instance, it is possible that CI users have compromised inhibitory regulation in the auditory system. Inhibitory interneurons and neurotransmitters widely exist in the auditory cortex (Prieto et al, 1994a; Prieto et al, 1994b; Wehr and Zador, 2005) . Single-unit studies at the cortical level also have shown that inhibitory circuits at least partially contribute to the suppressed response for the probe by the masker (Wehr and Zador, 2005) .
Finally, the aging effect cannot be excluded as a contributing factor for the faster recovery of the LAEP in CI users. Most CI patients are over 40 years old in this study. Aging might result in changes in regulating excitatory and inhibitory processes and neural synchronization in the auditory system, which lead to abnormal recovery function of auditory evoked potentials (Boettcher et al, 1990; Walton et al, 1999; Tremblay et al, 2004) . Future studies will use agematched participants to minimize the age interference.
Implication
Our results have provided important insight into the neural adaptation and refractory features at the cortical level reflected by the LAEP. The current study does not exclude the possible existence of the correlation between the LAEP recovery function and speechperception performance. More research needs to be done to see if the recovery function slope is related to speech-perception score. SUMMARY T his study described the recovery function of the acoustically evoked LAEP using a masker-probe paradigm in CI users and NH listeners. The response amplitudes from the probe responses were normalized to the amplitudes from the corresponding masker responses and plotted as a function of the maskerprobe interval to form recovery functions. Results showed that the LAEP in CI users recovered faster than that in NH listeners. The mechanisms underlying the faster recovery of the LAEP in CI users might be (1) the lack of peripheral adaptation in hair cell-auditory nerve fiber synapses and (2) the less prominent role of the component with longer latencies and slower recovery features in the LAEP of CI users. Other mechanisms such as the compromised inhibitory regulation in the auditory system due to chronic deafness and the aging effect in CI users might also play a role.
